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Abstract
We explore extensions of the MSSM in which TeV scale vector-like multiplets can mediate
observable n−n oscillations, without causing conflict with the proton decay experiments, with
a U(1) symmetry playing an important role. The colored vector-like particles, in particular,
may be found at the LHC through some decay modes arising from their direct couplings to
quarks.
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1 Introduction
Low energy supersymmetry (SUSY) provides one of the most compelling extensions of the
standard model (SM). In particular, the minimal supersymmetric standard model (MSSM) with
unbroken ‘matter’ parity offers an attractive resolution of the gauge hierarchy problem, delivers
a compelling cold dark matter candidate, and nicely implements gauge coupling unification. It
also predicts that the lightest CP-even Higgs mass, assuming TeV scale soft SUSY breaking
parameters, cannot be much heavier than about 130 GeV. It is gratifying to note that the
MSSM predictions will be tested at the soon to be launched Large Hadron Collider (LHC).
Possible extensions of the MSSM have been frequently discussed in the literature. In a
recent paper [1] it was shown that by adding new TeV scale vector-like particles, it is possible
to increase the upper bound on the mass of the lightest CP-even Higgs boson to 160 GeV,
provided there exists a direct coupling between the new vector-like particles and the MSSM
Higgs fields. To retain gauge coupling unification it is helpful that the new particles comprise
the same particle content as the complete SU(5) multiplets such as 5+ 5 and 10 + 10.
Since LHC is a hadron collider, it is expected that the colored components of these vector-
like fields can be produced there. In general, these colored particles will couple to quarks and
leptons, which makes the discussion of the creation and decay modes of the vector-like matter
quite interesting [2]. In addition to the direct creation of the new particles in LHC, the new
couplings with the new colored particles can generate, as we will see, exotic phenomena related
to baryon number violation. Indeed, it has been noted in the past that n − n oscillations
[3, 4, 5, 6, 7, 8, 9, 10, 11] can be experimentally accessible if there exist TeV scale colored
particles with appropriate baryon number violating couplings to the known particles [8].
Baryon number B is conserved to all orders in perturbation theory in the standard model,
up to Planck scale suppressed operators. On the other hand, a naive SUSY extension of
the SM leads to rapid nucleon decay via renormalizable couplings. This disaster is usually
prevented by introducing a discrete Z2 ‘matter’ (or R) parity. This version of the MSSM with
unbroken matter parity allows nucleon decay to proceed via Planck scale suppressed dimension-
five operators. With the current proton lifetime limit τp & 5 × 10
33 yrs., this implies that the
dimensionless coefficients accompanying these operators must be tiny, of order 10−7 or less.
The coefficients can usually be arranged to be tiny by a flavor structure similar to the small
Yukawa couplings for the first generation. However, the flavor suppression is not enough if
the non-renormalizable operator is generated via the exchange of the vector-like fields whose
masses are much lower than the Planck scale. Besides, dimension-six nucleon decay operators
generated via the TeV scale vector-like fields also become dangerous, and thus, irrespective
of SUSY or non-SUSY models, the dangerous nucleon decay operators should be forbidden
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by some suitable symmetry [12, 13]. Nevertheless, it seems important to investigate whether
baryon number violation can manifest itself through other processes, such as n−n oscillations
mediated by new particles in the TeV mass range and which may be experimentally accessible
at the LHC.
In this paper, we consider a framework to discuss baryon number violation in which a
U(1) symmetry forbids ∆B = 1 operators while ∆B = 2 operators are permitted. In such a
framework, n−n oscillation operators are allowed and they arise via exchange of new TeV scale
vector-like fields, while rapid nucleon decays are avoided. We estimate the size of the oscillation
time by imposing a familiar flavor symmetry, and show that there is an upper bound on the
oscillation time for a given vector-like mass scale. With the vector-like masses at 1 TeV, the
bound lies just above the current experimental bound and can be tested in future experiments.
The allowed couplings among the vector-like particles and the MSSM fields can be observed,
as we will show, at the LHC.
This paper is organized as follows: In section 2, we introduce a U(1) symmetry to forbid
∆B = 1 nucleon decay processes, but allow ∆B = 2 operators responsible for n−n oscillations.
In section 3, we show how the n−n oscillation operator is generated by means of the TeV scale
vector-like fields. In section 4, a flavor symmetry is introduced to estimate the order of the
oscillation time, and we show that n − n oscillations may be observed in the next generation
experiments. In section 5, we study the implication of the TeV scale vector-like matter fields
in LHC experiments. Section 6 summarizes our conclusions.
2 Symmetry to forbid ∆B = 1 nucleon decay operators
The conservation of the baryon number B and the lepton number L is an important conventional
law in high energy physics, and its violation can play a role to construct a model beyond the
standard model. The lepton number conservation can be violated by the right-handed neutrino
Majorana masses, and it can explain the tiny masses of the neutrinos by the seesaw mechanism
[14]. On the other hand, the baryon number violation has not been observed, and it is important
to search a possible baryon number violating phenomenon. The particles in the standard model
are a collection from the observations below a few hundred GeV, and it is surprising that the
renormalizable Lagrangian which is written by the collection of the particles has an accidental
baryon number symmetry. This fact implies that the baryon number symmetry may be related
to an underlying theory beyond the standard model.
In MSSM, a baryon number violating term is allowed by the SM gauge symmetry even
in the renormalizable level, and thus Z2 parity called R-parity is usually imposed to avoid
rapid nucleon decays. The R-parity can be considered a discrete subgroup of the U(1)B−L
3
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Table 1: U(1) charge assignments to forbid rapid nucleon decay. With n odd and m even, all
∆B = ±1 operators are forbidden.
symmetry [15], and in this sense, the symmetry is also related to the lepton number symmetry,
whose violation is responsible for the neutrino Majorana mass. The way to obtain the discrete
symmetry from the baryon and lepton number symmetry is not unique, and in this section,
we will investigate the generalization of the discrete symmetry to a linear combination of the
baryon and lepton number symmetry.
We will add vector-like fields to the MSSM particle content, the baryon symmetry can
then be broken in general, and a symmetry has to be imposed to keep the nucleon adequately
stable. The heavy new fields can be integrated out, and the integration does not change the
symmetry of the Lagrangian. Therefore, when we consider the general Lagrangian including
non-renormalizable couplings in terms of the MSSM fields, we can study the symmetry of the
system independent of the choice of the vector-like fields.
Let us start from the following superpotential terms which respect R-parity:
W = qucHu + qd
cHd + ℓe
cHd + ℓν
cHu + µHuHd +MP
(
S
MP
)m
νcνc, (1)
where q, uc, dc, ℓ, ec, νc are the quark and lepton superfields, Hu andHd are the Higgs superfields,
S is an MSSM singlet whose vacuum expectation value (VEV) provides the Majorana mass of
the right-handed neutrino νc, and MP denotes the Planck scale. Since there are 9 fields and 6
terms, there are 3 independent U(1) symmetries in the superpotential. The three symmetries
correspond to the hypercharge U(1)Y , baryon and lepton number symmetries. We can also
count the R-symmetry independently, but it will not play a role in the following discussion.
The MSSM singlet field S carries lepton number 2/m, which is spontaneously broken when the
scalar component of S acquires a non-zero VEV.
When a non-renormalizable coupling is introduced, baryon number symmetry is broken
in general. However, there can still remain one linear combination of the baryon and lepton
number symmetry, even if we add a baryon number violating non-renormalizable term. Suppose
that we allow a non-renormalizable term Sn(ucdcdc)2. Then, one can find that a U(1) symmetry
remains as shown in Table 1. Here the normalization is chosen so that the charge of S is −1.
In general, we can consider the −(nB +mL)/2 symmetry even for n < 0, and we can discuss
what kind of the baryon and lepton number violation operators are allowed. If n ≥ 0, the
∆B = −2 operator Sn(ucdcdc)2 is allowed. When n ≤ 0, the ∆B = 2 (non-chiral) operator
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(S†)n(qqdc†)2 is allowed. One can find that the exponent of S or S† is −(n∆B +m∆L)/2 or
+(n∆B +m∆L)/2. Then, we obtain the important consequence: ∆B = ∆L = ±1 operators
(e.g. qqqℓ, ucdcucec and qquc†ec†) are forbidden when n+m is an odd number. This is because,
for example, the charge of qqqℓ operator is −(n +m)/2. Therefore, ∆B = ∆L = ±1 nucleon
decay operators are forbidden under the U(1) symmetry when n+m is odd. This result is valid
as long as we do not introduce an additional SM singlet field with half-odd-integer charge under
the U(1) symmetry and which acquires a non-zero VEV. Similarly, we find that the ∆B = −1,
∆L = 0 operator (ucdcdc), which is an R-parity violating term, is not allowed under the U(1)
symmetry when n is an odd number. Finally, the ∆B = 0, ∆L = 1 R-parity violating operators
(qdcℓ ℓℓec, ℓhu) are forbidden when m is odd.
We note that the choice of n = −1 and m = 1 corresponds to the case where there is a
B − L symmetry and an SM singlet field with a charge B − L = −2. This is the familiar case
that the R-parity is obtained from a discrete subgroup of the B − L symmetry [15, 16].
If ∆B = ∆L = ±1 is forbidden by the −(nB +mL)/2 symmetry, all the R-parity violating
terms cannot be forbidden since n+m is even if both n and m are odd. We will discuss the way
to forbid R-parity violating terms by forbidding the ∆B = ∆L = ±1 nucleon decay operators
later.
Since global symmetry can be broken by gravity, the U(1) symmetry should be gauged.
The −(nB+mL)/2 symmetry is anomalous, and Green-Schwarz mechanism [17, 18] is applied.
The Green-Schwarz mechanism can be applied only for one of the linear combinations of the
anomalous U(1) symmetry. Therefore, the other linear combination (mB − nL symmetry)
is global, and gravity can break it. So, it can be natural that there are ∆B = 2 terms in
Lagrangian even if ∆B = 1 is forbidden in this framework.
It is interesting that ∆B = ±1 nucleon decay operators are all forbidden when n is odd
and m is even, while ∆B = ±2 operators are allowed. In this case, the cutoff scale of the
non-renormalizable operators, which is related to the new particle scale, can be much lower
than the Planck scale or the grand unified scale. If we can make the new particle scale down
to TeV scale, the new particles can be created at LHC. In the next section, we investigate the
∆B = ±2 operators and see whether we can lower the new particle scale or not.
3 Vector-like matter and ∆B = 2 operators
The operator uc dc dc uc dc dc induces ∆B = ±2, ∆L = 0 transitions and contributes to n− n
oscillations. The six-quark operator has dimension 9 and therefore, the coupling strength
scales as G∆B=2 ∼
1
M5
∗
, where M∗ is the scale of new physics. We propose that this scale can be
identified with new vector-like matter fields with masses of a few hundred GeV. It is well known
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that one can extend the matter sector of the MSSM while preserving gauge coupling unification
provided the additional matter superfields fall into complete multiplets of any suitable unified
group, such as SU(5). Such extended scenarios with TeV scale matter multiplets are well
motivated. Within string theory, for instance, one often finds ‘light’ (TeV scale) multiplets
in the spectrum [19], and even within the framework of GUTs one can find extra complete
multiplets with masses around the TeV scale [20].
An important constraint on the GUT representations and how many such fields can be
present at low energy (∼ TeV) comes from the perturbativity condition, which requires that
the three MSSM gauge couplings remain perturbative up to the GUT scale MG. One finds that
there are several choices available to satisfy this constraint: (i) up to 4 pairs of (5 + 5¯)’s, (ii)
one pair of (10+10) or (iii) the combination, (5+ 5¯+10+10). Here all representations refer
to SU(5) multiplets. In addition, any number of MSSM gauge singlets can be added without
sacrificing unification or perturbativity. Option (iii), along with a pair of MSSM gauge singlets,
are contained in SO(10) spinor representations (16+ 16).
All of the above cases have previously been studied in the literature. For example, it is clear
that new matter will contribute at one loop level to the CP-even Higgs mass if there is direct
coupling between new matter and the MSSM Higgs fields. The authors in [21, 1] conclude that
the mass of the lightest CP-even Higgs mass could be pushed up to 160 GeV, consistent with
the perturbativity constraint.
There are constraints on the couplings and masses of new matter fields. The most important
constraints are from the S and T parameters which limit the number of additional chiral gener-
ations. Consistent with these constraints, one should add new matter which is predominantly
vector-like. In the limit where the vector-like mass, MV , is much heavier than the chiral mass
term (mass term arising from Yukawa coupling to the Higgs doublets), the contribution to the
T parameter from a single chiral fermion is approximately [23]:
δT ≈
N(κv)2
10π sin2 θWm2W
[(
κv
MV
)2
+O
(
κv
MV
)4]
, (2)
where κ is the new chiral Yukawa coupling, v is the VEV of the corresponding Higgs field,
and N counts the additional number of SU(2) doublets. For instance, N = 3 when 10 + 10
is considered at low scale, while N = 1 for the 5 + 5¯ case. From precision electroweak data
T ≤ 0.06(0.14) at 95% CL for mh = 117 GeV (300 GeV) [22]. We will take δT < 0.1 as
a conservative bound and apply it in our analysis. We then see from Eq. (2) that with MV
around 1 TeV, the Yukawa coupling κ can be O(1). We restrict ourselves by introducing low
scale vector-like matter belonging to the 5 + 5¯ and 10 + 10 dimensional representations of
SU(5) as well as an MSSM singlet field.
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The six-quark operators which contribute to n− n oscillations in the SM are ucdcdcucdcdc,
qqdc†qqdc† and qqdc†uc†dc†dc†. Among them, only ucdcdcucdcdc is holomorphic, and in SUSY
theories, it will provide the dominant contribution to n− n oscillations through double gluino
and neutralino dressed diagrams (see Figure 1) when mSUSY ≪ MV . The contribution from
the holomorphic operator can be estimated as Gn−n ∼ (αs/4π)
21/(m2SUSYM
3
V ). On the other
hand, the contribution of non-holomorphic operators generated at tree-level are estimated as
Gn−n ∼ 1/M
5
V . When the vector-like mass MV is lowered to mSUSY, the tree-level diagram will
dominate even for the holomorphic contribution using the bilinear term BMVD5D5, which is a
soft SUSY breaking bilinear mixing term for MVD5D5. This contribution is estimated to be
Gn−n ∼
1
MV
(
BMV
(M2V +m
2
0)
2 − B2MV
)2
, (3)
where m0 is a universal soft SUSY breaking scalar mass. Therefore, if mSUSY ∼ MV , both the
holomorphic and non-holomorphic operators can provide comparable contributions to n − n
oscillations.
3.1 MSSM+5+5 and n− n Oscillations
The representation 5+ 5 of SU(5) decomposes under the MSSM gauge symmetry as follows:
5+ 5 = L5
(
1, 2,−
1
2
)
+ L5
(
1, 2,
1
2
)
+D5
(
3, 1,
1
3
)
+D5
(
3, 1,−
1
3
)
. (4)
The 5 + 5 alone cannot generate the effective operator responsible for n− n oscillations.
However, it can be done with an additional MSSM singlet field (N , N). The additional contri-
bution to the MSSM superpotential relevant for n− n oscillation is given by
W = κ1qqD5 + κ2u
cdcD5 + κ3D5d
cN + κ4D5d
cN
+
1
2
MNNN +MV
(
D5D5 + L5L5 +NN
)
, (5)
where, for simplicity, we have taken a common vector-like mass for 5+5 at the GUT scale and
omitted family indices. We note that the couplings D5d
cνc, D5u
cec, and D5qℓ are forbidden
for n +m odd by the −(nB +mL)/2 symmetry, when ucdcD5, qqD5 couplings are allowed by
the symmetry. We assume that additional fields (5 + 5 + N + N) are vector-like even when
carrying the −(nB +mL)/2 charge. The Majorana mass MN is forbidden by −(nB +mL)/2
symmetry but it can be generated for instance from the coupling like NNS once S acquires a
VEV. If we do not introduce a singlet field with a positive charge, one of the Majorana terms
for N and N is absent. We choose only N to have a Majorana mass term.
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× ×
D5 D¯5
×
N N¯D¯5 D5
d
c
u
c
d
c
d
c
d
c
u
c
BMV BMV
× ×
D5 D¯5
×
N N¯D¯5 D5
d˜c
dc
uc
s˜c s˜c d˜c
dc dc dc
uc
g˜ g˜
Figure 1: Diagrams generating the operator (ucdcdc)2 via 5 + 5. When the vector-like mass is
comparable to the SUSY breaking scale, the tree-level diagram (left) dominates instead of the
gaugino dressed diagram (right).
× ×
D∗
5 D5
×
N∗ N¯∗D5 D
∗
5
q
q
dc† dc† q
q
Figure 2: Diagram which generates the operator (qqdc†)2 via exchange of 5 + 5.
In Figures 1 and 2, we show how the n − n oscillation operators are generated through
the vector-like matter fields. Since our goal is to relate n − n¯ oscillations to LHC physics,
we assume that MV is ∼ TeV. A small MV compared to the Planck scale may be related to
the MSSM µ problem. In the literature there exist several mechanisms for explaining why µ
is ∼ 100 GeV, and so we will not address this issue here. To a good approximation we can
assume BMV ≈ M
2
V , and for simplicity set MV > m0. With this assumption the strength of
n− n oscillations can be written as follows,
Gn−n ≃ (κ
2
1 + κ
2
2)
[
−
1
2
κ24
MN
MV
+ κ3κ4
]
1
M5V
. (6)
We note that if MN ≫ MV , one of the mass eigenstates of N and N may have a small mass,
and should not be integrated out. This corresponds to the first term in the bracket.
The current experimental bound on n − n¯ oscillation, τn−n¯ > 0.86 × 10
8 s [11], implies an
upper limit
Gn−n 6 3× 10
−28 GeV−5. (7)
The bound on the dimensionless coupling can be expressed as follows:
M5VGn−n 6
(
MV
1 TeV
)5
× 3× 10−13. (8)
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From Eqs. (8) and (6), with comparable magnitudes for the couplings κi, we find that κi ∼
10−3 − 10−4. In Section 4 we attempt to understand the strengths of these couplings through
the Froggatt–Nielsen mechanism [24].
3.2 MSSM+10+10 and n− n Oscillations
The representation 10+10 of SU(5) decomposes under the MSSM gauge symmetry as follows:
10+ 10 = Q10
(
3, 2,
1
6
)
+Q10
(
3, 2,−
1
6
)
+ U10
(
3, 1,−
2
3
)
+ U10
(
3, 1,
2
3
)
+E10 (1, 1, 1) + E10 (1, 1,−1) . (9)
It was pointed out in ref. [1] that the light CP-even Higgs mass in this case can be as large as 160
GeV. The 10+10 alone cannot generate the effective operator responsible for n−n oscillations.
However, analogous to the previous subsection, it can be generated if we introduce an additional
MSSM singlet field (N,N), and the additional contribution to the MSSM superpotential which
is relevant for n− n oscillations is given by
W = κ10d
cscU 10 + κ
′
10U10u
cN + κ′′10U10u
cN +MV
(
Q10Q10 + U 10U10 + E10E10 +NN
)
, (10)
where, for simplicity, we have assumed a common vector-like mass.
Due to color anti-symmetricity, the effective operator at tree-level leads to Λ−Λ rather
than n− n oscillation. However, the n− n oscillation operator can be generated through
radiative corrections via a flavor changing interaction [9]. More precisely, we note that the
gluino dressing diagram in the previous subsection also needs a flavor changing interaction in
the gluino-squark-quark vertex due to the total anti-symmetry of the color indices. When the
SUSY breaking bilinear masses are inserted, we do not need flavor changing neutral current
(FCNC) effects in the diagram for the previous subsection. However, we do need flavor changing
effects induced by radiative corrections even in the case of SUSY breaking mass insertion when
the dcid
c
jU10 coupling is used, where i, j are the anti-symmetric generation indices. Therefore,
in this case, the effective n− n transition operator is rather suppressed compared to the case
of vector-like matter fields in the previous subsection. We note that non-holomorphic operators
are not generated with just 10+ 10 vector-like matter.
3.3 MSSM+5+5+10+10 and n− n Oscillations
In this section we will consider extra vector-like matter belonging to the representations 5 +
5+10+10 of SU(5). The MSSM superpotential acquires the following additional contribution
9
× ×
U10 U¯10
×
N N¯U¯10 U10
s˜c
dc
dc
u˜c u˜c s˜c
uc uc dc
dc
g˜ g˜
Figure 3: Generating (ucdcdc)2 by means of 10 + 10. Since the U10d
c
id
c
j coupling is antisym-
metric in the flavor indices, the n− n transition operator requires radiative corrections and is
suppressed by FCNC.
× ×
U10 U¯10
×
E¯10 E10D¯5 D5
d˜c
dc
uc
c˜c b˜c s˜c
uc dc dc
dc
g˜ g˜
Figure 4: Diagram to generate the operator ucucdcdcdcdc by means of 5 + 5 + 10 + 10.
W = κ1d
cucD5 + κ2D5u
cE10 + κ3E10d
cU10 + κ4U 10d
c(sc + bc)
+ MV
(
Q10Q10 + U 10U10 + E10E10 + L5L5 +D5D5
)
. (11)
The holomorphic and non-holomorphic n− n oscillation operators are generated as shown
in Figure 4 for the holomorphic operators. Again, since we are using the coupling dcid
c
jU 10,
we need FCNC to generate n − n oscillations as previously discussed. Thus the operators are
suppressed due to the experimental bound on the right-handed quark FCNCs.
In order to saturate the bound in Eq. (8), one has to assume that the dimensionless
coefficients in Eq. (11) are given by
κ1 ≃ κ2 ≃ κ3 ≃ κ4 ≃ 10
−3. (12)
These relatively small parameters can be understood within the framework of an anomalous
U(1)A flavor symmetry.
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3.4 ∆B = ∆L = 2 operators
Before including the flavor structure, we briefly discuss other possible ∆B = 2 operators allowed
by the symmetry. In addition to ∆B = 2, ∆L = 0 operators, ∆B = ∆L = 2 operators can
be allowed under the −(nB + mL)/2 symmetry. The ∆B = ∆L = 2 operators (typically
(qqqℓ)2) are responsible for H−H (hydrogen-anti hydrogen) oscillations, and double nucleon
decays (e.g. pp → e+e+) [25]. The most stringent bound on these operators comes from the
limit on the lifetime for the double proton decay, τpp >∼ 10
30 years [22]. This is interpreted as
τ
H−H
>∼ 10
17 years. This bound implies that G
H−H
<∼ 3×10
−26 GeV−8 [25]. If there are vector-
like matter fields 5+5+10+10, it is possible to generate ∆B = ∆L = 2 operators, similar to
the n− n operators. If the vector-like masses are around 1 TeV, the couplings accompanying
these operators should be small, but not necessarily tiny, compared to the n− n operators.
Depending on the choice of the fermion couplings with the vector-like matter, it is possible for
the double proton decay to be observed instead of n− n oscillations. With the decay modes to
positrons more suppressed than the ones to muons due to flavor suppression, pp → µ+µ+ will
be a possible observable mode.
4 Anomalous U(1)A Flavor Symmetry and n−n Oscilla-
tions
As we know the Yukawa couplings related to the first and second generations are suppressed and
the inter-generation mixing in the quark sector is small. Anomalous flavor U(1)A symmetries
are often considered to explain this structure [26]. The new couplings in Eq.(5) involving
quarks, leptons and vector-like fields can also be controlled by this anomalous flavor symmetry.
We will superpose the U(1)A flavor symmetry on the −(nB +mL)/2 symmetry discussed in
section 2.
In the string motivated theories, there are towers of vector-like fields at the string/Planck
scale. When those vector-like fields are integrated out, all possible non-renormalizable couplings
allowed by U(1)A symmetry are generated [24]. A general form of the superpotential which can
explain the fermion masses and mixing hierarchy through the Froggatt–Nielsen mechanism has
11
qi u
c
i d
c
i ℓi e
c
i ν
c
i hu hd S
U(1)A −
n
6
+ nqi
n
6
+ nui
n
6
+ ndi −
m
2
+ nℓi
m
2
+ nei
m
2
+ nνi 0 0 −1
Table 2: The U(1)A charge assignment. The integers (such as n
q, nu and so on) to generate
the mass hierarchy for quarks and leptons are given in Eq.(15).
the form
W = yuijqiu
c
jHu
(
S
Mst
)nuij
+ ydijqid
c
jHd
(
S
Mst
)ndij
+ yeijℓie
c
jHd
(
S
Mst
)neij
+ yνijℓiν
c
jHu
(
S
Mst
)nνij
+ yRijν
c
i ν
c
jMst
(
S
Mst
)m+nνcij
+ µHuHd , (13)
whereMst denotes the string scale, i, j = (1, 2, 3) are family indices, n
u
ij , n
d
ij , n
e
ij, n
ν
ij and n
νc
ij are
fixed by the choice of U(1)A charge assignments. The numbers nij are written as n
u
ij = n
q
i +n
u
j ,
ndij = n
q
i+n
d
j , n
e
ij = n
ℓ
i+n
e
j , n
ν
ij = n
ℓ
i+n
ν
j , and n
νc
ij = n
ν
i +n
ν
j , where n
q
i , n
u
i , n
d
i , n
ℓ
i , n
e
i , and n
ν
i are
all positive integers. The coefficients (yuij, y
d
ij etc.) are the coupling constants which are all taken
to be ∼ 1. As previously discussed in section 2, there are two independent U(1)A symmetries in
addition to the hypercharge. We can choose to gauge one of the linear combinations, while the
other linear combination is explicitly broken by additional terms. Proceeding as in section 2,
we choose the U(1) symmetry given in Table 2, and call this the anomalous U(1)A symmetry.
If n+m is an odd integer, ∆B = ∆L = ±1 operators are all forbidden. We assign the integers
(nqi , n
u
i , etc.) such that the observed fermion mass and mixing hierarchies are realized. As
we will show explicitly, the expansion parameter ǫ = 〈S〉/Mst is naturally of order 0.2 in the
anomalous U(1) models.
We employ the textures advocated in Ref. [27, 28], namely
Mu ∼ 〈Hu〉

 ǫ
8−2α ǫ6−α ǫ4−α
ǫ6−α ǫ4 ǫ2
ǫ4−α ǫ2 1

 , Md ∼ 〈Hd〉ǫ

 ǫ
5−α ǫ4−α ǫ4−α
ǫ3 ǫ2 ǫ2
ǫ 1 1

 ,
Me ∼ 〈Hd〉ǫ

 ǫ
5−α ǫ3 ǫ
ǫ4−α ǫ2 1
ǫ4−α ǫ2 1

 , MνD ∼ 〈Hu〉ǫγ+1

 ǫ
2 ǫ ǫ
ǫ 1 1
ǫ 1 1

 ,
Mνc ∼Mstǫ
m+2γ

 ǫ
2 ǫ ǫ
ǫ 1 1
ǫ 1 1

 ⇒ M lightν ∼ 〈Hu〉2ǫm−2Mst

 ǫ
2 ǫ ǫ
ǫ 1 1
ǫ 1 1

 , (14)
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with
nqi = (4− α, 2, 0), n
u
i = (4− α, 2, 0), n
d
i = (2, 1, 1),
nℓi = (2, 1, 1), n
e
i = (4− α, 2, 0), n
ν
i = (γ + 1, γ, γ), (15)
where α is 0 or 1. Here Mu, Md and Me are the up–quark, down–quark, and the charged
lepton mass matrices (written in the basis uMuu
c, dMdd
c, etc.), MνD is the Dirac neutrino
mass matrix, and Mνc is the right–handed neutrino Majorana mass matrix. The light neutrino
mass matrix M lightν is derived from the seesaw mechanism. We have not exhibited order one
coefficients in the matrix elements in Eq. (14). The expansion parameter is ǫ ∼ 0.2, and in this
case tan β ∼ 10. Note that the texture alone does not fix the integer γ appearing in MνD in
Eq. (14), to get correct light neutrino masses, while the Majorana mass scale and the neutrino
Dirac Yukawa couplings depend on the integer γ. It was shown in Ref.[28] that the above mass
matrix texture nicely fits the observed fermion masses and mixings.
It is interesting that the U(1)A suppression factor for the holomorphic operators is calculated
independent of the choice of vector-like matter fields and their U(1)A charge assignments. For
example, the n− n oscillation operator ucdcdcucdcdc will be given by the following expression
if we use the choice of parameter in Eq.(15) [2nu1 + 4n
d
1 = 16− 2α]:
1
M5V
(
S
Mst
)n+16−2α
ucdcdcucdcdc, (16)
where MV is the effective mass scale associated with the TeV scale vector-like matter fields.
Additional suppression factors can be supplied through FCNC as previously mentioned. It is
interesting that the current bound on n− n oscillations, (See Eqs. (7, 8)),
ǫn+16−2α <∼
(
MV
1 TeV
)5
× 3× 10−13, (17)
is easily satisfied if n is positive, and with MV ∼ 1 TeV. Note that 0.2
18 = 2.6× 10−13.
There is another holomorphic operator responsible for n − n oscillations, (qqqHd)
2. Since
the down-type quark s′ in q2 = (c, s
′) includes the down quark in the mass eigenstate, the n−n
operator can be estimated as [2nq1 + 4n
q
2 = 16− 2α]:
1
M5V
〈H0d〉
2
M2V
sin4 θC
(
S
Mst
)−n+16−2α
u d d u d d, (18)
where θC is a Cabibbo angle ≃ ǫ. It is interesting to note that the coefficients of n in the
exponent have opposite signatures between Eq.(16) and Eq.(18). This sign change comes from
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Q10 U 10 D5 L5 E10 N
U(1)A
n
3
+
XQ
2
−n
3
− XU
2
−n
3
− XD
2
n
2
+ XL
2
−n
2
− XE
2
−n
2
− XN
2
Table 3: U(1)A charge assignments for the vector-like fields. The parameters XQ, XU etc.
are all integers. We assume that the charges of the vector-like pair have the same absolute
magnitude but opposite signature (e.g. the charge of U10 is n/3 +XU/2).
the fact that these are ∆B = −2 and +2 operators. As a result, the n−n oscillation time has
an upper bound for a given MV value which can be estimated as
τn−n <∼ 10
8 sec (α = 1), 3× 109 sec (α = 0), (19)
when MV = 1 TeV and tanβ = 10. This bound can be achieved by planning experiments with
cold neutron horizontal beam [10].
5 Implications for LHC
As we have previously mentioned, vector-like matter fields at the TeV scale can be found at
the LHC as they decay into MSSM matter fields as well as gauginos. The coupling terms with
quarks and leptons in the superpotential are
W =
(
S
Mst
)ndi+ndj−XU2
U 10d
c
id
c
j +
(
S
Mst
)nui +nνj+XU2 +n+m2
U10u
c
iν
c
j (20)
+
(
S
Mst
)nqi+nqj+XD2
D5qiqj +
(
S
Mst
)nui +nej+XD2 +n+m2
D5u
c
ie
c
j +
(
S
Mst
)ndi+nνj+XD2 +n+m2
D5d
c
iν
c
j
+
(
S
Mst
)nqi+nℓj−XD2 −n+m2
D5qiℓj +
(
S
Mst
)nui +ndj−XD2
D5u
c
id
c
j.
The U(1)A charges of U10 and D5 are taken to be −n/3−XU/2 and −n/3−XD/2 respectively,
where, XU and XD are integers. The U(1)A charge assignments of vector-like matter are
displayed in Table 3. All unwanted couplings can be excluded by choosing the integers XQ,
XU , etc. to be even or odd. We assume that the fields are vector-like also under the U(1)A
charge, so that their masses do not depend on the VEV of S. If the exponent of the S field
is not an integer, the corresponding coupling is prohibited. One can check that one of the
couplings D5qq or D5qℓ is prohibited if n +m is an odd number. In this case, therefore, the
dangerous operator qqqℓ is not generated by the exchange of D5 and D5.
Suppose we take XD = 0, so that the D5q3q3 coupling coefficient is O(1), and the D5t
cbc
coupling is O(ǫ). In this case, D5 can be considered as a ‘diquark’ whose baryon number is
14
× ×
U¯10 U¯
∗
10
×
L5 L¯5D5 D¯5
q
q
q q dc†
dc†
g˜
g˜ s˜c†
q˜
Figure 5: Diagram which generates the operator qqqqdc†dc† operator through exchange of 5 +
5 + 10 + 10. We need radiative corrections to realize the n− n oscillations.
−2/3. If D5 (scalar) is created at the LHC, its main decay mode will be D5 → t¯ b¯. If the
diquarks are pair created in the collider, the associated decay mode is t b t¯ b¯, and therefore it
may happen that the energy distribution of t b t¯ b¯ deviates from the standard model prediction.
Even if XD is not equal to zero, either the D5qiqj or D5u
c
id
c
j coupling will be large, and D5 or
D5 can decay into two quarks. The analyses of diquark production and decay in LHC can be
found in [2]. In these analyses, the diquark is a color sextet instead of a triplet, and decays
into t¯ t¯.
If we take XD + n +m = 0, then both D5u
cec and D5qℓ couplings are possible. The field
D5 for this case can be considered a ‘leptoquark’, and the main decay mode will be D5 → t τ .
Therefore, the decay process from pair created leptoquarks is D5D
∗
5 → t τ t¯ τ¯ . This decay can
be quite significant since τ τ¯ production is suppressed in hadron colliders. However, in this case,
the n− n oscillation operators will not be generated by means of vector-like fields.
As it can be seen from Figures 1-5, vector-like masses for uncolored vector-like matters
(L5, E10, N) violate baryon number conservation. If these uncolored matter particles are light
and the colored vector-like particles decay through uncolored matter exchange, this violation of
baryon number may be observed at the LHC. A possible baryon number violating diquark decay
is D5 → b bD
∗
5 → b b t b. This possibility is especially interesting if baryon number violation
can be related to the cosmological baryon asymmetry.
Let us consider the constraints on XU and XD. The U10, D5 and D5 couplings with fermions
can generate box diagrams for meson-antimeson mixings (such as K-K¯, D-D¯, and B-B¯). Note
that U 10d
c
id
c
j couplings are antisymmetric with respect to the flavor index, and thus the meson-
antimeson diagram is not generated at tree-level. If XD = 2, the D10t
csc coupling is O(1), and
the K-K¯ box contribution through this coupling can be comparable to or even exceed the SM
contribution if the vector-like masses are 1 TeV. Therefore, a large value of |XD| is not favored
if the vector-like matter is to be ‘light’. The same statement is also true for XU . However, if
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XU = XD = 0, then there are flavor suppression factors and the contributions can be much
smaller than the SM contribution. The coupling of the vector-like colored field to the third
generation left-handed quarks is order unity in this case.
As we previously mentioned, the U(1)A suppression factor of the effective holomorphic
operators ucdcdcucdcdc does not depend on the charge assignments of the vector-like fields and
diagrams which generate this operator. On the other hand, for the non-holomorphic operators
(e.g. qqqqdc†dc†) the U(1)A suppression factor depends on the charge assignments of the vector-
like fields. For example, the U(1)A suppression factor of the operator generated by the diagram
in Figure 5 is of order ǫ16−2α−n−XU . As we have previously mentioned, in addition to the
U(1)A suppression, there is also a FCNC suppression factor due to the antisymmetricity of the
coupling U10d
c
id
c
j . Therefore, if n is a large positive number (which suppresses the holomorphic
operator since the corresponding suppression is ∼ ǫ16−2α+n), the non-holomorphic operator can
become large and in excess of the experimental bound when XU = 0. It can be checked that
the experimental bound is satisfied due to the flavor suppression factors with XU = XD = 0,
even if we consider different diagrams to generate the non-holomorphic operators for n− n
oscillations. It is interesting to emphasize that the coefficient of n in the exponent of the flavor
suppression factor can be both positive and negative. As a result, n− n oscillations can be in
the accessible range with the vector-like masses at TeV scale (accessible at the LHC), as we
have found in the previous section.
Before closing this section, let us consider the dimension-four R-parity violating terms. The
term ucdcdc is forbidden if n is odd, while qℓdc, ℓℓec and ℓhu are forbidden if m is odd. Thus if
n+m is odd to forbid ∆B = ∆L = ±1 operators, we cannot forbid all dimension-four R-parity
violating terms. Therefore, R-parity should be imposed in our framework. The R-parity of the
vector-like fields are chosen to be positive for colored vector-like fields, and to be negative for
uncolored vector-like fields in order to allow the desired couplings for n− n oscillations.
Due to U(1)A symmetry, the MSSM fermions and the vector-like fields do not mix (Dirac
terms such as qQ10, u
cU10 are forbidden) if n is odd, m is even, and XF (F = Q,U,D, L,E,N)
given in Table 3 are all even. Indeed the couplings U 10d
c
id
c
j and D5u
c
id
c
j resemble the MSSM
R-parity violating couplings. It is interesting to note that the decay modes of the D5 and U 10
may be confused with the R-parity violating decay of the right-handed squarks at the LHC.
However, since the mixing between uc and U 10 (as well as the mixing between d
c and D5) is
forbidden, this does not contradict with the existence of stable nuclei.
We also need to check that a large neutrino mass term (ℓℓHuHu) is not generated from
the presence of vector-like fields since the ∆L = 2 term is allowed by the symmetry in the
framework. If terms like ℓqD5, ℓQ10d
c, ℓQ10D5, ℓL5e
c etc. are allowed, unacceptably large
16
neutrino masses can be generated by loop diagrams. Such terms are all forbidden when we
impose R-parity as above and choose n,m and XF so as not to mix the vector-like fields with
the MSSM fields.
As a result, we can conclude that vector-like particles can lie in the TeV range and they
can be found at the LHC without contradicting any of the current experimental bounds. These
particles can give rise to observable n− n oscillations.
We note that the vector-like fields can couple with the MSSM Higgs fields when we choose
XQ = XU for example. Then, the bound of the lightest CP-even Higgs mass can be increased.
Under the anomalous −(nB+mL)/2 gauge symmetry, dimension-six proton decay operators
such as qquc†ec† are forbidden. Therefore, the string scale, in principle, can be much lower than
the (4 dimensional) Planck scale or even the GUT scale. The bound on the string scale will
come from the general non-holomorphic ∆B = 2 operators (e.g. (S†)n+2qqdc†uc†dc†dc†). For the
general non-holomorphic operators, the flavor suppression may not work so well. If the string
scale is lowered, the U(1)A gauge boson mass is also lowered. Then, FCNCs induced by the
U(1)A gauge boson [29] may have an impact on flavor changing processes such as K-K¯, D-D¯
and µ→ 3e. For these two reasons, the string scale needs to be more than 105-106 GeV.
Finally, we note a generalization of the −(nB +mL)/2 symmetry. We have considered the
nB +mL symmetry by introducing one SM singlet with charge nB +mL = 2. In general, we
can take the SM singlet charge to be nB +mL = K. Suppose that K = 4, n = 4k + 2, and
m = 4k′+1 (k, k′ are integers). Then, ∆B = ∆L = 1 as well as all the unwanted dimension-four
R-parity violating terms are forbidden, and we do not need to introduce a separate R-parity.
Since ∆B = 2 is allowed, n− n oscillations are still possible. However, since ∆L = 2 is not
allowed with this choice, the neutrino only has a Dirac mass. Surely, proper neutrino masses
can be obtained since the size of the Dirac neutrino mass can be controlled by a choice of the
U(1)A charge. If n = 4k + 1, and m = 4k
′ + 2, then ∆L = 2 is allowed, and the neutrino has
a Majorana mass. However, n− n oscillations are forbidden in this case. In either case, the
vector-like colored fields can be at TeV scale without contradicting nuclei stability, and they
can be created at the LHC.
6 Conclusion
We have explored the possible existence of TeV scale vector-like particles, detectable at the
LHC, and which can mediate observable n− n oscillations without creating any conflict with
proton lifetime limits. We find that a U(1)A symmetry generated by −(nB +mL)/2, a linear
combination of baryon and lepton number, is particularly effective in achieving this scenario. If
n+m is an odd number, all ∆B = ∆L = ±1 operators are forbidden, as long as there is no SM
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singlet field with half-odd-integer charge under the −(nB + mL)/2 symmetry, or, if present,
such half-odd-integer charged SM singlet fields do not acquire VEVs. The ∆B = 1, ∆L = 0
operator is also forbidden if n is odd. The nucleon is ‘sufficiently’ stable and its lifetime satisfies
the current experimental bounds even if the colored vector-like fields have TeV masses. We
have seen that n− n oscillations could be observed in the near future within the framework of a
familiar flavor model for generating quark and lepton mass hierarchies with vector-like masses
at the TeV scale. The couplings among the quarks and the vector-like fields which lead to
observable n− n oscillations can be tested through the decay modes of these new fields. This
would provide an exciting new window to probe fundamental interactions at the LHC which
violate baryon number conservation.
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